Reaction of highly-substituted bornane-2-selones with a diazoalkane in the presence of either Rh 2 (OAc) 4 or CuCl formed sterically-crowded exo-methylenic products, and similar treatment of the thiones or selones with dihalocarbenes or a propadienylidene carbene also formed dihaloalkenes, butatrienes, and thioketenes. All these reactions were assumed to proceed through a pathway involving the in situ formation and subsequent ring closure of chalcogenocarbonyl ylides. Table 1: Reaction of thiones 2 or selones 3 with ethyl diazoacetate, ethyl diazomalonate, or diphenyldiazomethane in the presence of metal catalysts.
Recently, d-camphor-derived compounds have been widely used as chiral ligands, auxiliaries, and building blocks for a variety of asymmetric syntheses [1] . However, the sterically-crowded bornane derivatives are generally unreactive toward the general C-C bond forming reactions, such as Wittig reactions, and the development of a new method for the direct alkylidenation at the C-2 position of substituted bornane derivatives is required. It is naturally expected that conversion of a carbonyl group at the C-2 position into the corresponding chalcogenocarbonyl group would enable the convenient introduction of carbon functionalities into the skeleton via generation and subsequent ring closure of chalcogenocarbonyl ylides. Actually, selenocarbonyl ylides [2] have only been regarded as reactive intermediates in contrast with the wide synthetic versatility of thiocarbonyl ylides [3] , and very limited synthetic studies on the formation of seleniranes [4] and olefins by using ylide intermediates have been reported. In the course of our studies on the synthetic use of highly-reactive chalcogenocarbonyl compounds incorporated in a sterically-crowded bornane skeleton, we reported the generation of several oxidized variants of thiones and selones [5] by applying kinetic protection methodology. These successful results urged us to an approach for selective C-functionalization of the skeleton via the route involving the formation of chalcogenocarbonyl ylides (A, B) and the subsequent ring closure. In this paper we describe a new synthesis of sterically-confused functionalized alkenes 6, 10, 11 and thioketenes 13 through the reaction of either sterically-crowded bornane-2-thiones (2) or selones (3) with conventional carbenes or metal carbenoids via the intermediary chalcogenocarbonyl ylides (A, B) .
Sterically-crowded ketones 1a-b were at first prepared from dcamphor (1c) according to the reported method [6] , and 1a-b were converted into the corresponding thiones 2a-b or selones 3a-b, lacking an -methylene moiety at the C-3 position, by treating with Lawesson's reagent or bis(1,5-cyclooctanediylboryl) selenide [7] , respectively. When 2a-b was treated with ethyl diazoacetate or ethyl diazomalonate (1.2 mol amt.) and CuCl (1.1 mol amt.), an inseparable stereochemical mixture of thiiranes 4 and an inseparable geometrical mixture of olefins 6 were obtained along with the recovery of starting thiones 2 [8] . However, a similar treatment of 2a-b with ethyl diazoacetate (1.2 mol amt.) in the presence of a catalytic amount of Rh 2 (OAc) 4 only afforded the complete recovery of thiones 2, even after prolonged reaction time. The structures of the mixtures of thiiranes 4 were confirmed by desulfurization using Ph 3 P affording the geometrical mixture of olefins 6 in high yields, besides the formation of triphenylphosphine sulfide. Treatment of camphorthione 2c with ethyl diazomalonate and CuCl also formed a mixture of thiirane 4c (39%) as a single stereoisomer and olefin 6c (20%). On the other hand, a similar treatment of 2c with ethyl diazoacetate and CuCl in turn formed alkenyl sulfide 9c (27%), along with the recovery of 2c. The structure of 9c was confirmed by identification in all respects with the products obtained from the independent treatment of thiocamphor 2c with NaH and ethyl bromoacetate.
In contrast, a similar treatment of selone 3a-b with diazoalkanes (1.2 mol amt.) and either CuCl (1.1 or 5.0 mol amt.) or Rh 2 (OAc) 4 (0.1 mol amt.) at R.T. or under high temperature afforded the geometrical mixture of olefins 6 as main products along with the formation of ethyl -selenenylacetate (7b), diselenide (8b) [4b], ketones (1) (trace), and the recovery of selones (3). Compound 7b was identical in all respects with the product obtained by the threestep synthesis started from 3b [(i) -4, exo-4 , besides 6, were obtained, and the yields were estimated by the integration of the 1 H NMR spectra. b An inseparable mixture of thiiranes 4a and olefin 6a was obtained and the yields were estimated by the integration of the 1 H NMR spectrum of the mixture. c The ratio of major-4c/minor-4c was estimated to be 4:1 from the integration of the 1 H NMR spectrum of the mixture. d Vinyl sulfide 9c [9] was obtained in 27% yield. e A 10:1 mixture of geometrical isomers. f A 5:1 mixture of geometrical isomers. 
CHCl 3 , F: CHBr 3 , G: 1,1-Dibromo-2,2-diphenylcyclopropane. b A 1:1 (v/v) mixed solvent was used for the reaction. c 2a was recovered in almost quantitative yield. d 2b was recovered in 26% yield. e 2a was recovered in 53% yield. f 3b was recovered in 40% yield. and the formation of ketones 1 was assumed to proceed through hydrolytic cleavage of intermediary selenocarbonyl ylides B or selonium ions during the usual workup. Formation of 7 was also explained through the pathway involving the generation and protonation of B and the subsequent Wagner-Meerwein-type rearrangement of the skeleton [5b, 9] . Independent treatment of 3b with CuCl under similar conditions also afforded 8b (25%), along with the recovery of 3b (70%), and this result indicated that CuCl behaved as a Lewis acid for the skeletal rearrangement. However, all attempts were unsuccessful for the direct observation of either ylides B or seleniranes D using 1 H NMR monitoring of the reaction mixture of selone 3b with ethyl diazoacetate and a catalytic amount of Rh 2 (OAc) 4 at R.T., and attempts for trapping of B using various 1,3-dipolarophilic agents were also unsuccessful. All the results are shown in Table 1 .
Thiones 2a-b were also unreactive toward various dihalocarbenes and diphenylpropadienylidene carbene [10, 11] under mild reaction conditions. However, reactions of 2 with t-BuOK and CHBr 3 under heating afforded thioketenes 13 [2d, 12] and their dimeric 1,3dithietanes 14 [13] , along with dibromoalkenes 11. Thioketene 13a was not stable enough for purification. In contrast, 13b was much more stable and its structure was fully characterized from the spectral data. In addition, long-time standing of a CDCl 3 solution of 13a at R.T. formed a mixture of 13a and 14a. The final structural determination of 14a was performed by X-ray crystallographic Preparation of sterically-crowded olefins Natural Product Communications Vol. 8 (7) 2013 853 Scheme 1: Plausible pathway for the formation of gem-dihaloalkenes (10, 11), thioketenes 13, and 1,3-dithetanes 14.
analysis, and an ORTEP drawing of 14a is shown in Figure 1 . Formation of thioketenes 13 was assumed to proceed through a plausible pathway involving generation of gem-dibromothiiranes C and the subsequent base-induced debromination forming E [14] . However, independent treatment of a n-hexane solution of dibromoalkene 11a with elemental sulfur (8.0 mol amt.) and diethylamine (excess) at R.T. for 5 h only afforded a complex mixture containing monobromoalkene, and neither the corresponding thioamides originated from thioketene 13a nor the dimer 14a was found in the crude products [15] . This result excluded the pathway of formation of 13 via dibromoalkene 11. In contrast, selones 3 were reactive enough toward the same carbenes, and in all cases the corresponding dihaloalkenes (10, 11) or sterically-crowded butatriene 12 [16] were afforded, even under mild reaction conditions, and neither selenoketenes nor their dimers, 1,3-diselenetanes, were found in the crude mixture. These results strongly suggested the in situ formation of short-lived dibromoselenirane intermediates D, which undergo further thermal selenium extrusion to give olefinic products 10-12 [1, 3d] rather than selenoketene via debromination. All the results of the reactions of thiones 2 and selones 3 with various carbenes are shown in Table  2 .
The X-ray crystallographic data of 14a: In conclusion, we found a new synthesis of sterically-crowded olefins, dihaloalkenes, butatriene and thioketenes through the reaction of substituted brornane-2-thiones 2 or selones 3 with a few carbenes or metal carbenoids. Further attempts on the synthetic application of the first chiral thioketenes and butatrienes as new substrates for chiral auxiliaries and ligands are under way in our laboratory.
Experimental

Instruments:
The melting points were measured in open capillary tubes with a Buchi 535 micro-melting-point apparatus, and were uncorrected. 1 H NMR spectra were recorded on a Bruker AC-400P spectrometer (400 MHz), and the chemical shifts of the 1 H NMR spectra are given in  relative to internal tetramethylsilane (TMS). 13 C NMR spectra were obtained using a Bruker AC-400P spectrometer (100 MHz). Mass spectra were recorded on a Hitachi M-2000 mass spectrometer with electron-impact ionization at 20 or 70 eV using a direct inlet system. IR spectra were measured as thinfilm (neat) or KBr disks on a JASCO FT/IR-7300 spectrometer. Elemental analyses were performed using a Yanagimoto CHN corder MT-5.
General procedure for the reaction of thiones 2 with ethyl diazomalonate or ethyl diazoacetate in the presence of copper (I) chloride:
A 50 mL benzene solution of thione 2 was treated with either ethyl diazomalonate or ethyl diazoacetate (2 mol amt.) and CuCl (1.1 mol amt.), and the reaction mixture was heated under reflux for 24 h. The solvent was removed in vacuo, and the residual crude products were subjected to CC on silica gel to obtain a stereochemical mixture of thiiranes 4 and a geometrical mixture of olefinic compounds 6, along with the recovery of starting thiones 2.
General procedure for desulfurization of thiiranes 4: A 50 mL benzene solution of a stereochemical mixture of thiirane 4 was treated with Ph 3 P (1.2 mol amt.), and the reaction mixture was heated under reflux for 24 h. The solvent was removed in vacuo, and the residual crude mixture was subjected to CC on silica gel to obtain a geometrical mixture of olefinic compounds 6.
General procedure for the reaction of selones 3 with ethyl diazoacetate or ethyl diazomalonate in the presence of copper (I) chloride:
A 30 mL CHCl 3 solution of selone 3 was treated with either ethyl diazoacetate or ethyl diazomalonate (2 mol amt.) and CuCl (1.1 mol amt.), and the reaction mixture was heated under reflux. The solvent was removed in vacuo, and the residual crude products were subjected to CC on silica gel to obtain olefinic compounds 6, skeletal rearrangement products 7, and diselenides 8.
General procedure for the reaction of selones 3 with ethyl diazoacetate or ethyl diazomalonate in the presence of rhodium (II) acetate:
A 30 mL CHCl 3 solution or a hexane solution of of selone 3 was treated with either ethyl diazoacetate or ethyl diazomalonate (2 mol amt.) and Rh 2 (OAc) 4 (0.1 mol amt.), and the reaction mixture was stirred under R.T.. The solvent was removed in vacuo, and the residual crude products were subjected to CC on silica gel to obtain olefinic compounds 6, skeletal rearrangement products 7, and diselenides 8.
Physical and spectral data for thiiranes 4 4a (R 2 = R 3 = CO 2 C 2 H 5 , an inseparable mixture of the stereoisomers of 4a (1:1) and olefin 6a) 4b (R 2 = R 3 = CO 2 C 2 H 5 , inseparable 1:1 mixture) Colorless plates. Physical and spectral data for alkenyl sulfide 9c [9] Pale yellow oil. 
General procedure for the reaction of thiones 2 with chloroform in the presence of a base:
A 20 mL n-hexane solution of thiones 2 was treated with CHCl 3 (10 mol amt.) and t-BuOK (5 mol amt.), and the reaction mixture was stirred under reflux for 24 h. Then the reaction mixture was extracted with n-hexane and the organic layer dried over anhydrous Na 2 SO 4 . The solvent was removed in vacuo and the residual crude products were subjected to CC on silica gel to obtain the corresponding thioketenes 13 and 1,3-dithietanes 14 in moderate yields.
General procedure for the reaction of selones 3 with chloroform in the presence of a base:
A 20 mL chloroform solution of selones 3 was treated with aqueous KOH solution (1 mol/l, 20 mL) in the presence of a catalytic amount of TOMAC, and the reaction mixture was stirred at R.T. for 24 h. Then the reaction mixture was extracted with n-hexane and the organic layer dried over anhydrous Na 2 SO 4 . The solvent was removed in vacuo and the residual crude products were subjected to CC on silica gel to obtain the corresponding gemdichloroalkenes 10 in moderate yields.
General procedure for the reaction of thiones 2 or selones 3 with bromoform and t-BuOK: A 20 mL toluene or n-hexane solution of thiones 2 or selones 3 was treated with CHBr 3 (5 or 15 mol amt.) and t-BuOK (5 or 15 mol amt.) under an argon atmosphere, and the reaction mixture was stirred under reflux for 24 h. Then the reaction mixture was extracted with n-hexane and the organic layer dried over anhydrous Na 2 SO 4 . The solvent was removed in vacuo and the residual crude products were subjected to CC on silica gel to obtain the corresponding gem-dibromoalkenes 11 in good yields. When starting with thiones 2, formation of thioketenes 13 and 1,3-dithietanes 14 was accompanied with 11 in moderate yields.
General procedure for the reaction of thiones 2 or selones 3 with  1,1-dibromo-2-2-diphenylcyclopropane and t-BuOK: A 20 mL toluene or n-hexane solution of thiones 2 or selones 3 was treated with 1,1-dibormo-2,2-diphenylcyclopropane (2 mol amt.) and t-BuOK (2 mol amt.) under an argon atmosphere, and the reaction mixture was stirred under reflux for 24 h. Then the reaction mixture was extracted with n-hexane and the organic layer dried over anhydrous Na 2 SO 4 . The solvent was removed in vacuo and the residual crude products were subjected to CC on silica gel to obtain the corresponding gem-diphenylbutatrienes 12 in moderate yields.
Physical and spectral data for gem-dihaloalkenes 10 and 11. 6, 20.3, 22.8, 23.2, 25.8, 25.9, 33.8, 35.2, 36.8, 49.2, 53.7, 55.3, 56.1, 105.8, 142. 
Thermal conversion of thioketene 13a into 1,3-dithietane 14a:
A CDCl 3 solution of thioketene 13a was left to stand at R.T. for 24 h in a NMR tube, and the NMR spectrum of the resulting solution revealed that the substrate 12a was converted into an approximately 3:2 mixture of 1,3-dithietane 14a and the starting thioketene 14a after standing. (6); S(1)-C(1), 1.803(6); S(1)-C(2), 1.792(6); S(2)-C(1), 1.769(6); S(2)-C(2), 1.778(6); C(1)-C(3), 1.302 (7); C(2)-C(17), 1.343 (7). Bond angles (deg): C(1)-S(1)-C(2), 83.1(2); C(1)-S(2)-C(2), 84.5(2); S(1)-C(1)-S(2), 96.2(2); S(1)-C(2)-S(2), 96.2(2); S(1)-C(1)-C(3), 131.9(5); S(1)-C(2)-C(17), 130.9(5); S(2)-C(1)-C(3), 131.9(5); S(2)-C(2)-C(17), 132.8(5); C(1)-C(3)-C(4), 125.8(5); C(1)-C(3)-C(8), 127.7(5). Torsion angles (deg): C(1)-S(1)-C(2)-S(2), 0.7(2); C(1)-S(1)-C(2)-C(17), -177.6(5); C(2)-S(1)-C(1)-S(2), -0.7(2); C(2)-S(1)-C(1)-C(3), 177.8(6); C(1)-S(2)-C(2)-S(1), -0.7(2); C(1)-S(2)-C(2)-C(17), 177.5(6); C(2)-S(2)-C(1)-S(1), 0.7(2); C(2)-S(2)-C(1)-C(3), -177.8(6); S(1)-C(1)-C(3)-C(4), -178.2(4); S(1)-C(1)-C(3)-C(8), -2.9(9); S(2)-C(1)-C(3)-C(4), -0.2(7); S(2)-C(1)-C(3)-C(8), 175.1(4); S(1)-C(2)-C(17)-C(18), -0.8(8); S(1)-C(2)-C(17)-C(22), 175.9(4); S(2)-C(2)-C(17)-C(18), -178.4(4); S(2)-C(2)-C(17)-C(22), -1.7 (9) . Crystallographic data have been deposited at the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, and copies can be obtained on request, free of charge, by quoting the publication citation and the deposition number CCDC 610598.
X-ray crystallographic data of 1,3-dithietane 14a: C
